SiO 2 -CaO-P 2 O 5 (58S) sol gel glass applied onto surgical grade stainless steel by spray technique: morphological characterization by digital image processing DOI 10.1515/bglass-2016-0002 Received Sep 04, 2015 revised Dec 17, 2015; accepted Dec 22, 2015 Abstract: AISI 316L stainless steel is commonly used as a low-cost material for permanent implants. It can be protected for degradation and corrosion by applying a hybrid silica based coating. Also the bioactive response of the implant can only be achieved by functionalizing the coated implant surface. The aim of this work is to synthesize and characterize a sol-gel made glass particles from the system SiO 2 -CaO-P 2 O 5 with potential as bone inductive material, with and without an aging treatment of the precursor solution. The glass was synthesized by sol-gel technique that, comparing with melt glasses, generates an open net structure that could lead to particle dissolution and apatite deposition for biological purposes. The synthesized glass is dispersed by spray onto AISI 316L protected by a hybrid silica based coating, generating deposits with different size and morphology. To characterize the particles composition, microRaman spectroscopy was applied. It showed that no significant changes were reached after aging or thermal treatment of the deposited particles. Image processing techniques based on Mathematical Morphology were used to analyze morphology and sizes of the deposits obtain with the different sols (aged and no aged). Aproximately 50% of the surface was covered with particles made with a glass aged, and a 25% of covered area was reached with no aged one. When no aged glass particles were deposited, the particle size distribution shows the presence of many big particles with a roundness factor between 0.8 and 1 in a high percentage, meaning that they are spherical due to the presence of solvent and with a more open glass structure in the no aged glass. The Digital Image Processing and Raman spectroscopy tools help to analyze, characterize and quantify the bioactive particles deposited onto coated surgical grade stainless steel in terms of morphology, distribution and composition.
Introduction
The use of metals for biotechnological applications is limited not only by the specific function they have to assure but also the selective media where they are placed, resulting corrosive protection an essential task. Also the bioactivation of a surface that per se is not biologically active is important for a medical function. One example is the protection and functionalization of AISI 316L for orthopaedic implants, since the media is extremely aggressive and can lead to undesirable chemical reactions of the surface with the living tissues.
There are many techniques to improve material's surface. The application of a protective coating becomes a promising choice, as it generates a new surface which will interact with the surrounding media acting as a barrier for ions migration. In matter of coatings, the organicinorganic hybrid sol gel made materials have taken the attention from academics and technological institutes due to the unusual combination of physical and chemical properties which are capable to exhibit [1, 2] . The family of greatest potential for development is derived from the hydrolytic condensation products of functionalized alkoxysi-lanes pure or enriched with tetraethoxysilane (TEOS) [3] [4] [5] . The final hybrid material consists in a Si-O-Si network modified with some organic groups. The traditional way to apply this kind of hybrid coating is by dipping, as this technique gives homogeneous and crack free coatings with excellent corrosive properties.
Even though a hybrid sol-gel coating can improve corrosive behavior, osseointegration cannot take place between materials which show no signs of bioactivity and here another strategy requires to be chosen. As bioactive glasses have the ability to bond with living tissues forming an apatite layer, they qualify as an alternative. If they are made by sol-gel, they have also the advantage of high degree of purity and good homogeneity [6] . At this point, the use of a known bioactive glass (58S) made by the solgel route becomes an interesting issue. This consists in a chemistry-based synthesis where a solution containing the compositional precursors undergoes polymer type reactions at room temperature to form a gel. Precursors of SiO 2 and P 2 O 5 are usually alkoxides due to their availability, whereas inorganic salts are generally used to generate the calcium component [6] . After hydrolysis and polycondensation that take place at room temperature, a gel is obtained which can be aged, dried and stabilized at different conditions [7] . Once obtained the gel, a drying process and a thermal treatment results essential to consolidate it, and also to remove by-products of the non-alkoxide precursors [8] . With different aging treatments, it is thought to obtain different shrinkages of the structure, and so different dissolution rate of the glass.
In this work, we propose to apply 58S glass made by sol gel technique in a sol condition, deposited by spray method with the aim of generating bioactive particles or dots over a protected AISI 316L stainless steel. The spray deposition of the bioactive glass is expected to follow certain distribution, covering some surface's percentage and having a specific shape. These last named aspects, need to be studied as they affect the performance of the whole system. Digital Image Processing (DIP) helps to this analysis. Mathematical Morphology will allow to segment and characterize the deposited particles.
One of the most important tasks in Biomedical Image Processing is the segmentation, regarded as the ability to detect objects, with some specific features, in the image. This stage is of great importance for any automatic vision system, since it is the first processing stage. It affects severely the late stages of interpretation, providing useful information, like regions and/or edges. Mathematical Morphology (MM) has been successfully used as a tool in image segmentation. The MM is a theory based on concepts of geometry, algebra, topology and set theory. The main objective of the MM is to extract information of the geometry and topology of an unknown set present in an image. The "structuring element" (SE) is a set completely defined with a known geometry, which is compared with the whole image through logical operations [9] . The shape and size of the structuring element allow to quantify if the SE is contained in the image or not.
The aim of this work is to synthesize, deposit and characterize a sol-gel made glass with potential as bone inductive material, with and without an aging treatment of the gel glass. The generated glass is dispersed by spray deposition onto surgical grade stainless steel protected by a hybrid silica based coating, generating deposits with different morphology. Spectroscopic and Digital Image Processing tools are used to characterize these systems.
Materials and methods

Substrates
Stainless steel AISI 316L (SS) was used as base material. A protective sol-gel silica based coating (TMS) was applied onto the steel. The hybrid organic-inorganic sol to produce the TMS coating was prepared with tetraethoxysilane (TEOS, 99% Sigma Aldrich), and methyltriethoxysilane (MTES, 98% Sigma Aldrich) and colloidal silica suspended in water (SiO 2 , LUDOX 40 wt%, Dow). The molar ratio of the alkoxide was kept constant (TEOS/MTES = 40/60) and the addition of colloidal silica was 10 per cent in moles respect with the total amount of SiO 2 . The final silica concentration was 200 g/L and the water amount was kept stoichiometric. This synthesis was performed in acidic catalysis with nitric acid (65% w/w, Merck).
Metallic cleaned and degreased steel substrates were covered with the TMS sol by dip-coating method with a extraction rate of 20 cm/min. A thermal treatment at 450 ∘ C for 30 minutes was carried out to consolidate the coating.
Glass synthesis and deposition
The 58S sol-gel glass (60 mol%. Half of the prepared sol was immediately applied by spray method (pressure: 0.8 Bar) onto the SS-TMS substrates and sintered in an electric oven at 70 ∘ C for 3 days.
Gelation was observed to occur within a few hours at this temperature. The other half sol was kept for a 24 hours aging process at room temperature in a tight container, before being applied by spray technique (pressure: 1 bar) on separate SS-TMS substrates and then dried at 70 ∘ C in the oven for 3 days. Finally, two types of samples (SS-TMS substrates with the sprayed 58S glass with and without the aging treatment) were obtained. Half of each type were thermally treated in an oven at 450 ∘ C during 3 hours in order to eliminate nitrates and to allow calcium to diffuse into the silica network. The other half was dried at room temperature and stored until characterization was done. After all of the procedure, four kinds of samples (all applied onto the same kind of substrate: SS+TMS) were obtained, where the 58S glass particles were generated in situ. Notation is summarized in Table 1 . 
Glass composition and structure
Raman spectroscopy was employed to characterize the chemical structure at a molecular bonding grade of the different glass particles deposited. This method provides information about the covalent bonds and vibrational modes of the molecules and compounds present in the system. The equipment used was an inVia spectrometer (Renishaw, UK) system equipped with charge-coupled device (CCD) detector of 1040 × 256 pixels and coupled to a Leica microscope (DM-2500 model) (50×, 0.75 NA) with a computer-controlled x-y-z stage. A diode laser line (785 nm) was used as excitation source in combination with a grating of 1200 grooves/mm. The laser power was kept below 10% to avoid sample damage, employing one 10-sec acquisition for each data point. The spectral resolution was 4 cm −1 , and the spectra were taken from 100 to 1400 cm −1 .
Digital Image Processing
The basic morphological operators of the MM are erosion and dilation. Morphological erosion and dilation of the image by the structuring element are defined, respectively, as [10, 11] :
where D f and D b are the domains of the functions f and b respectively. Based on the combination of the previous operators, opening and closing can be defined as follows:
The opening is useful to remove small bright details smaller compared to the size and shape of the structuring element, the rest of the image is not modified. When filtering, in the step of erosion, a bright area surrounded by dark one is reduced. Particularly, if the size of the structuring element is greater than the bright area, this bright area totally disappears. Then, in the step of dilation, a bright area surrounded by dark one is expanded and therefore the image recovers its current shape, except of the details removed by erosion in the previous step. Similarly, the closure is useful to remove small dark details compared to the size and shape of structuring element, the rest of the image is not modified. The resulting image depends on the grey level, shape and size of the structuring element. Tophat transform is a well-known and commonly used morphological technique for extracting locally bright or dark objects from a grey scale image. Figure 1 shows an opening Top-Hat transform, which emphasizes locally bright objects that have been eliminated from the image by an opening filter. A structuring element larger than the structures to be filtered was used.
This transform is defined as the residual between the identity and a morphological opening [10, 11] :
Since this transform emphasizes bright objects on a non-uniform background (See Figure 1) , it is suitable for segmentation of the sol gel glass cover area by spray technique. In order to characterize the structure of the glass particles we propose to segment the glass particles computing the opening Top-Hat transform, and binarizing the image. Figure 2 shows the two steps of the proposed segmentation algorithm. First, particles were enhanced by an opening Top-Hat transform. Figure 2(b) shows the result grey-scale image where the enhanced regions representing particles. This image has a bimodal histogram which allows determining a threshold value to discriminate the particles from the background. Consequently a binary image is obtained, applying the automatic Otsu threshold algorithm [12] , as it can be seen in Figure 2(c) . In the following section we characterize glass deposition particles using a granulometric size distribution and shape factors from the binary image obtained in the previous step.
Morphological characterization by image processing
After segmentation of the sol gel glass deposited particles, the cover area, particle size and their distribution should be analyzed to complete the particles characterization. To calculate the granulometric size distribution (GSD), the following algorithm was proposed [11] :
where Ω(λ) represents the area of the opened image by a SE of the size E λ (︀ E λ (f ) )︀ , and Ω(1) the area under the original image. Ω(λ) is a discrete cumulative function, as far as it is monotonic. This function represents the variation of the area of the resulting image in each iteration of the opening.
Most traditional shape factors are mere combinations of size parameters (area, perimeter and diameter) normalized [13] . Table 2 lists the most used shape factors. Each of these parameters gives a different aspect of the shape. 
Shape factors
Reference
Convexity where: A = area enclosed by the contour; D min /Dmax = minimum/maximum diagonal of the area enclosed by the contour; l f = fiber length: defined as the length along the axis of the curvilinear shape; a f = maximum width of the curvilinear shape; P = perimeter; Pc = convex perimeter: defined as the length of a convex line circumscribing the object to be measured.
Results
Raman spectroscopy essays were made to analyze the effect of thermal treatment to the gel-glass evolution, Figure 3 shows Raman spectra of the 58S sol gel glasses with and without aging treatment (58S and 58S_AG) and with or without thermal treatment (58S_TT and 58S_AG_TT). The detailed position of the bands, are shown in Table 3 .
With the aim of comparing the results obtained from the digital image processing, two systems are presented in Figure 4 . Fig. 4(a) shows an optical microscopy of the 58S_TT coated sample and (b) shows the 58S_AG_TT one.
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In order to characterize the structure of the glass particles we propose to segment the glass particles computing the opening Top-Hat transform, and binarizing the image. For every sample, several images were taken and made an average of the results. Figure 4 (c) and (d) show the histograms corresponding to the size granulometric labeled images of both samples. Figure 4 (e) and (f) show the corresponding histograms of the size distribution of both samples. As it can be seen, the particles made with the sol without aging (58S_TT) show an exponential probability distribution function while the 58S_AG_TT are distributed as a Poisson function. Besides, from the normalized histograms, the mean area can be calculated for both kind of images. It can be seen that the mean area of the 58S_AG_TT particles increases respect to the mean area of the no aged ones: the percentage of covered area is 48% for the samples 58S_AG_TT and 25% for the 58S_TT.
Due to the spherical shape of the deposited particles, for this work it was proposed the use the "roundness" descriptor in order to discriminate between the different type of particles discriminating their shape. Figure 4 (g) and 4(h) show the corresponding histogram of the roundness descriptor, for the 58S_TT and for the 58S_AG_TT particles onto the hybrid coating. As it can be seen when the roundness descriptor is close to one, the particle is nearly a perfect circle. For the 58S_TT sample, the greater value of frequency of the roundness factor is nearly one, which means most of the particles have a nearly circular shape, event that do not happen for the 58S_AG_TT sample. where: A = area enclosed by the contour; D min /D max = minimum/maximum diagonal of the area enclosed by the contour; l f = fiber length: defined as the length along the axis of the curvilinear shape; a f = maximum width of the curvilinear shape; P = perimeter; P c = convex perimeter: defined as the length of a convex line circumscribing the object to be measured.
RESULTS
Figure 3.
Raman spectra of the sol gel made glass without aging (58S and 58S_TT) and with 24h aging (58S_AG and 58S_AG_TT). Insert, zoom-in near the nitrates band (1050 cm-1) and comparing with the CaNO 3 used in the glass synthesis.
Raman spectroscopy essays were made to analyze the effect of thermal treatment to the gel-glass evolution, Figure 3 shows Raman spectra of the 58S sol gel glasses with and 
Discussion
In 1991, the incorporation of sol gel chemistry gave rise to a new generation of bioactive glasses [14] . The synthesis of a silica based glass by sol-gel generates a method that has a great potential to develop better implants or to enhance the existing ones, for bone applications. This effect can be attributed to the enhancing of the surface area and porosity derived of the sol gel processing, compared with the melting and quenching techniques used for the synthesis of conventional glasses [7] . The sol gel synthesis is simple, clean, can be made at room temperature, and fast. The time required to age and sinter the gel is short compared with other thermal treatments applied to sol gel glasses [15, 16] .
The final aspect of the sol obtained in this work was clear and translucent, with no precipitates. The viscosity for the sol without ageing treatment was near 1 mPa·s, similar to water, and it lightly rises after 24 h of storage at room temperature, but it is still a solution, it does not generate a gel [17] . In this time, it is thought that the policondensation and evaporation of the solvents (water and ethanol) is taking place, and the open structure is becomimg more closed, creating higher amount of O-Si-O bonds [1] . It is expected that the ageing has an effect in particle formation and, after time, particle dissolution in soaking experiments.
To analyze the effect of thermal treatment to the gelglass evolution, Raman spectroscopy essays were made. The 58S glass shows characteristic bands related with a silica gel doped with phosphorus made by TEOS and TEP [18] , were some silanol double bonds are already present, showing that the gel is still hydrolyzing and policondensating. The effect of calcium nitrate addition can be analyzed by the 1051 cm −1 band. This is the more intense band related to the vibration frequency of NO 3− ions [19] . The presence of a 1059 cm −1 band can be associated with the presence of NO 3− coordinated with calcium cations [20] . It is clear to appreciate that when there are no ageing and thermal treatment, there are two well defined peaks at 1051 and 1059 cm −1 . The second band indicates that the calcium nitrate incorporated to the sol is still outside the glassy net structure. The nitrate ions are close to the calcium ions, maybe some of them even in crystalline arrange. The way of the Ca ions to enter in the silica network is by thermal migration (above 350 ∘ C) [16] , and the remaining nitrates are expected to be eliminated by the thermal treatment. As the thermal treatment chosen was 450 ∘ C and then, not enough to eliminate all the nitrates in the glass structure, the quantification of the 1051-52 cm −1 band results useful. The intensity of the principal nitrate vibrational band decreases from 5906 for the 58S glass to 3115 arbitrary units of the 58S_AG_TT glass system. The effect of ageing is slightly noticed: the presence of phosphorous entering to the structure can be denoted by the presence of 960 and 1087 cm −1 [18] , vibrational bands related with calcium phosphates. One of the most important item of any automated system of vision is the task of understanding the image, which severely affects the subsequent process of interpretation of the image, providing useful structures such as regions and edges [21] . The image processing techniques enabled precise and automatic particle quantification. The advantage is that the morphological granulometry allows to reproduce the results eliminating discrepancies, leading to a correct particle characterization. From the histograms corresponding to the samples 58S_TT and the 58S_AG_TT, it is clear to see that a larger number of small particles are present in the non aged sample with respect to the aged one. The degree of sphericity or ball-like shape can also be described mathematically, by the so called roundness descriptor. When the roundness descriptor is one, it means the particle is perfectly circular. Comparing both distributions (aged and not aged particles deposited on the coated substrates) it is evident that the particles are less circular after the aging treatment. This fact can be related with the solvent content and the degree of hydrolysis and poly-condensation reached after the 24 h aging: the 58S_TT particles were applied from a sol with more content of ethanol and the short term order degree of the glass structure is smaller than for the 58S_AG_TT ones, that are more "dense" or compact since the poly-condensation is more advanced [1] . It leads to more spherical particles with an open structure and more water and ethanol solvent content, and cracked and irregular shaped 58S_AG_TT particles, with a more organized and closed structure, susceptible to fracture propagation and to break. The absence of solvent does not contribute to enhance the superficial tension of the particles, and the shape starts to get away from sphericity.
Summarizing, glass particles from the system SiO 2 -CaO-P 2 O 5 (58S) were synthesized by simple and clean solgel technique, generating an open glass structure that could help to particle dissolution and apatite deposition for biological purposes. The rate of dissolution was delayed since an aging treatment was done to the sol prior to particle deposition. The particles were deposited onto a surgical grade stainless steel protected by a sol-gel hybrid organic inorganic layer, by spray technique. This deposition tool helps to have a distribution of the glass particles. A cover surface of almost 50% with the particles made with a glass aged for 24 h prior to deposition was obtained. When no aged glass particles were deposited, the particle size distribution shows the presence of many big particles with a roundness factor between 0.8 and 1 in a high percentage, meaning that they are spherical due to the pres-ence of solvent and with a more open glass structure in the no aged glass. The Digital Image Processing and Raman spectroscopy tools help to analyze, characterize and quantify the bioactive particles deposited onto coated surgical grade stainless steel in terms of morphology, distribution and composition.
